In France, about 95% of the fatty liver production comes from mule ducks, an infertile hybrid cross between female common ducks (Anas platyrhynchos) and Muscovy drakes (Cairina moschata). As a hybrid, genetic improvement of the performance of mule ducks is achieved by selection of the parental populations. Feed represents two-thirds of the total costs of duck production; thus, the breeders' main concern is to improve the birds' feed efficiency without impairing their capacity to be overfed after the growing period. To obtain insight into this economically important trait, we designed a divergent selection experiment for Muscovy sires on the basis of the residual feed intake (RFI) of their male mule progeny. Residual feed intake represents the fraction of feed intake that cannot be explained by maintenance and production requirements. Data comprised records from generations 0 to 2 with 227 Muscovy sires of 2,016 mule ducks. Growth and fat deposition were measured individually for all mule ducks. Half-sib mule ducks were placed together in 1 small pen, and the feed consumption was recorded for each pen; all half-sibs therefore had the same feed intake estimates. Heritability of RFI was high (0.83 ± 0.42), and after 2 generations of selection, the differences between lines in terms of RFI (contrast of 9.13 g/d, representing 0.76 phenotypic standard deviation; P < 0.0001) and feed conversion ratio (contrast of 0.08, representing 0.28 phenotypic standard deviation; P = 0.0003) were marked. In regard to carcass traits, the low-RFI line (high-efficiency animals) had heavier legs (476 vs. 463 g; P < 0.0001) and magret muscles (268 vs. 262 g; P = 0.001) than the high-RFI line (low-efficiency animals). No differences were observed for either the liver weight or the melting rate between the 2 lines (P > 0.46). Selection on RFI thus improves the feed efficiency of animals without impairing their capacity to produce fatty liver.
INTRODUCTION
In France, about 95% of the fatty liver production comes from male mule ducks, an infertile hybrid duck cross between female common ducks (Anas platyrhynchos) and Muscovy drakes (Cairina moschata). The development of artificial insemination in the 1970s has led to the widespread use of the mule duck for the production of foie gras. The recognized qualities of the mule duck are its robustness, overfeeding ability, BW, and good quality of foie gras (for a review, see Marie-Etancelin et al., 2008) . During mule duck breeding, feed represents more than 55% of the overall production costs (Litt et al., 2013) . In comparison with other poultry industries, ducks, and in particular mule ducks, have a high feed conversion ratio (FCR) during growth (>3.2 kg of feed per kg of BW from 28 to 84 d old; Guy et al., 1995) . However, as mule ducks are bred in groups on the floor, the recording of individual feed consumption is a major issue. Another main concern when breeding birds for foie gras production is to improve feed efficiency of the animals without impairing their capacity to be overfed after the growing period. The concept of residual feed intake (RFI) was first proposed by Byerly (1941) to describe the fraction of feed intake that is not explained by maintenance and production requirements without affecting the performances. This trait was first investigated in poultry for the laying hen (Bordas and Merat, 1981) and thereafter more commonly in mammals (cattle [Archer et al., 1998 ], pigs [Gilbert et al., 2007; Cai et al., 2008] , and rabbits [Drouilhet et al., 2013] ).
To gain more insight into the feed efficiency of Muscovy ducks and how it is genetically linked to liver quantity and quality, a divergent selection experiment for Muscovy sires based on the RFI of their male mule progeny was conducted starting in 2009 at INRA. The present report describes the genetic parameters recorded for various traits during growth and the responses to selection after 2 generations of selection on major traits for the duck industry, such as feed consumption and fatty liver characteristics.
MATERIALS AND METHODS
The divergently selected lines were issued from INRA Muscovy line I66. Animals were bred at the INRA experimental farm "Unité expérimentale des palmipèdes à foie gras" (UEPGF, Benquet, France; experimental approval B40-037-1), in accordance with national regulations for human care and use of animals in agriculture.
Line Creation and Management
Line Founders. In 2009, 96 Muscovy ducks from the I66 line were progeny tested. They were mated with 192 commercial Pekin females to produce 792 mule ducks in 2 hatches. Pekin half or full sisters were mated with different Muscovy drakes to better represent Pekin variability across drakes. The 8 Muscovy males with the highest estimated breeding value (EBV) for RFI and the 8 with the lowest RFI were selected to found the divergent lines highRFI and lowRFI, respectively (the estimation of RFI is described below). Simultaneously, the EBV for RFI of 110 Muscovy female ducks from the same parents as the initial set of 96 I66 drakes were estimated. Although EBV estimation errors were large, this strategy allowed us to select the 32 females with the highest EBV to found the female flock of the highRFI line and the 32 females with the lowest EBV to found the lowRFI line. These 80 animals formed the G0 generation.
Line Management. The objective was to progeny test 48 Muscovy sires and retain 8 drakes per line and generation. However, because of poor reproduction performances, the actual number of progeny-tested Muscovy drakes varied between lines and generations, ranging from 23 to 48 sires (Table 1) . Although the number of animals involved changed over time and line, the selection procedure was the same for each generation and each line. For example, the 55 female and 40 male Muscovy ducks that formed the first selection generation for the lowRFI line (G1 animals) were obtained from the mating of 8 sires and 32 dams. The 40 male Muscovy ducks were then progeny tested in 2 successive batches, in which a sire was mated with 3 to 4 Pekin females, resulting in sibships of 4 to 9 half-or full-sib male mule ducks issued from 1 to 4 Pekin dams. A total of 422 mule ducks were tested in G1. Following progeny testing, the 8 Muscovy drakes with the lowest EBV for RFI were selected as sires of the next generation. The same process was performed for the highRFI line except that Muscovy ducks with the highest RFI EBV were retained. On average, 30% of the sires were tested in 2 batches over the generations to separate the sire and hatch effects. On the maternal side, 32 females (least related animals) were retained per generation to produce the next generation.
Animals
Male and female Muscovy ducks were hatched and reared at the INRA UEPFG farm. During the first 3 d after hatching, lighting was continuous 24L:0D (that is, 24 h of light and 0 h of dark); then animals were exposed to only daylight up to the age of 12 wk (approximately 13L:11D), at which time they were transferred to individual pens. During the 12th week after hatching, lights were 7L:14D. Then, the duration of light was increased by 30 min per day until it reached 14L:10D at the end of wk 13. The temperature of the building was maintained at around 16°C. The Pekin females used for progeny testing of each generation of selection were received at All the eggs from a given Pekin female duck were gathered in a single basket in the incubator; the baskets corresponding to the same Muscovy sire were placed side by side. Therefore, all of a given sire's eggs were incubated in the same conditions of temperature and humidity. After hatching, approximately 9 male mule duck were retained per sire for testing and reared in a common pen up to 4 wk of age. They had ad libitum access to feed and received a small pelleted diet with 11.7 MJ/kg and 175 g digestible CP/kg of feed. Then, from 4 to 7 wk old, sibships (half-or full-sib males from the same Muscovy sire) were gathered together into 1 small pen for the testing period. From 4 wk of age until 12 wk of age, mule ducks received a growing diet with 11.9 MJ/kg and 155 g digestible CP/kg of feed. The mule ducks of the G2 generation were force-fed: during the 11th week after hatching, they had access to feed 1 h/d to prepare for the force-feeding phase. Then they were force-fed twice a day with a soaked-corn mixture (62% of dry matter divided into 26% grain and 36% flour) over a 12-d period.
Traits Recorded for Mule Ducks
Body weight was recorded at the beginning (4 wk old, BW4) and the end (7 wk old, BW7) of the test, and the ADG was computed for the test period. Once a week, the round hanging feeder in each small pen was refilled manually with a weighed amount of feed after the previous refusals were weighted. Feed refusal and allowance weights were later used to compute the total feed consumption for each small pen during the test. Individual total consumption was estimated as the total feed consumption of the small pen divided by the mean number of sibs in the pen during the week and was further expressed on a daily basis, resulting in the 4 to 9 half-and full-sib males having the same estimated daily feed intake (EDFI). The feed conversion ratio was calculated as EDFI divided by ADG. A total body electrical conductivity (TOBEC; EM-SCAN Inc., Springfield, IL) score was recorded at 7 wk of age for each mule duck to estimate the lipid mass in the animal's body using an already established equation (Cornuez et al., 2013) . The values recorded during growth were available for 2,016 ducks.
The 641 male mule ducks from the G2 generation were slaughtered after force-feeding. They were electrically stunned, bled, plucked, and eviscerated. Both carcasses and fatty livers were cooled at 4°C. The following day, the carcass, abdominal fat, leg, liver, breast "magret" muscle (pectoralis major of force-fed waterfowl) and skin were weighed. The liver melting rate, i.e., the fat loss during cooking, was measured on a sample of 60 g of fatty liver under sterilization conditions (50 min at 105°C).
Data Quality Control
Data were first screened to eliminate outliers. Fixed effects to be accounted for in the statistical analyses were tested using a linear model (GLM procedure, SAS version 9.2, SAS Inst. Inc., Cary, NC). The following fixed effects, for which P < 0.05, were retained: for carcass traits, where rank i and depth j are the positions of the small pen in the building (8 levels and 3 levels, respectively), hatch k is the hatch of the animal (6 levels), line l is the line of the animal (2 levels), butcher k is the butcher who cut the carcass (10 levels), slaughter_date m is the slaughter day (2 levels), and e ijklm (or e ijklmn ) is the residual of the model. Data corrected for these fixed effects and exceeding 4 SD from the mean were removed as outliers for each trait. The descriptive statistics of the data used in the analysis are provided in Table 2 for each trait.
Estimating RFI Values and Computing Selection Criteria
Individual RFI values during progeny testing were computed as the residual of a multiple phenotypic linear regression of EDFI on the metabolic BW at the end of the test (BW7 at the power 0.75) to account for maintenance requirements, the ADG during the test and the lipid at the end of the test to account for production requirements, as given in the following equation: EDFI j = µ + α × ADG i + β × (BW7i) 0.75 − δ × lipid i + RFI i , where EDFI, ADG, and RFI were in grams per day, BW7 and lipid were measured in grams, and j is the small pen in which animal i was tested.
The coefficients of the regression equation were estimated for each generation (REG procedure of SAS). For example, the regression equation for the G1 generation was (PROC REG of SAS; R 2 = 0.22
The sire breeding values for RFI were estimated using an animal mixed model considering the performances of the sire's mule progeny as purebred Muscovy performances and ignoring the Pekin pedigree using PEST 3.1 software (Groeneveld, 1990) . The RFI heritability parameter used in the software was fixed to a value of 0.20. When the experiment started, the value of 0.20 was in the low range of heritability found in literature in other species (Tixier-Boichard et al., 1995; Robinson and Oddy, 2004; Cammack et al., 2005; Nguyen et al., 2005) . The fixed effects (P < 0.05) were previously tested with a linear model (GLM procedure of SAS).
RFI ijk = µ + depth i + hatch j + a ijk + e ijk for G0, and RFI ijklm = µ + depth i + hatch j × generation k + line l + a ijklm + e ijklm for G1 and G2, where depth i is the position of the small pen in the building (3 levels), hatch j is the hatch within generation (2 levels per generation), line l is the line of the animal in generations 1 and 2 (2 levels), a ijk (or a ijklm ) is the random additive effect of the Muscovy duck with distribution N(0,Aσ 2 a), and e ijk (or e ijklm ) is the residual of the model. A is the relationship matrix based on the Muscovy pedigree traced back over 5 generations of ancestors (on both male and female sides).
Phenotypic Analyses of Carcass Traits Recorded in G2
The phenotypic correlations between RFI and the carcass traits recorded for the G2 mule progeny were estimated. Univariate linear models (GLM procedure of SAS) were used to obtain corrected performances (residuals from the linear models). The phenotypic correlations were computed from these corrected performances (CORR procedure of SAS): Additionally, to compare the carcass performances of the 2 G2 lines, least squares means for the line effects for each trait were obtained from these univariate linear models and were compared using Student's t test.
Estimation of Variance Components
The genetic parameters for growth traits were estimated using REML methodology applied to a sire-dam model for all traits using the ASRemL software (Gilmour et al., 2009 ): 
with 3 random effects, the sire and dam additive effects and the common environmental effect of the small pen. Because the hatch effect was significant for all traits recorded during growth and to solve convergence problems, only the fixed effect was included in these analyses. At first, we estimated the variance components for each trait using bivariate analyses including the selection criteria to properly account for the effect of selection (Hofer, 1998) . To estimate the genetic correlations between all pairs of growth traits, 3-trait analyses were performed, including the selection criteria as for bivariate analysis. The pedigree file included G0 to G2 animals of the 2 divergent lines and up to 5 generations of ancestors, i.e., a total of 3,963 animals with 2,016 mule ducks, 1,104 Muscovy ducks, and 843 Pekin ducks. The Pekin pedigree contained only 1 generation. From the variance component estimations, the heritability of each trait i in the sire line was estimated as h 2 i = 4σ 2 s i /σ 2 p i , where σ 2 s i is the sire additive variance and σ 2 p i is the phenotypic variance (sum of all estimated random variances) for trait i. Genetic correlations rg ij between traits i and j were estimated as rg ij = cov s,ij / σ σ 2 2 s s i j , where cov s,ij is the covariance of the sire component between traits i and j. Phenotypic correlations between RFI and growth traits were also obtained from these variance component analyses.
To test the genetic correlated responses to selection on traits recorded during growth, least squares means of the interaction line × generation were compared with a generalized linear model (GLM procedure of SAS) applied to the EBV including the fixed effects of the line and generation and the interaction of line × generation. Table 2 shows the descriptive statistics of the traits measured in the 2 lines. The average RFI was null by construction with a SD of 12 g/d. During the test period, the average FCR was 3.41 (SD = 0.29), and ADG was 75.4 g/d (SD = 6.9 g/d). The average liver weight of G2 mule ducks was 467 g (SD = 101 g).
RESULTS

Descriptive Statistics
Estimation of Variance Components
The variance components of the traits recorded during growth are given in Table 3 . For all the traits except RFI, the dam additive variance was almost twice as large as the sire additive variance. Hereafter, the term "heritability" always refers to the heritability of the sire's line. Despite large SE, a general outline can be observed. The heritability of RFI was high (0.83 ± 0.42). The estimate of heritability for FCR (0.41 ± 0.18) had a magnitude similar to that of the estimate of ADG (0.39 ± 0.22) and lipid quantity (0.44 ± 0.25). The estimate of heritability for BW7 was high (0.63 ± 0.27).
Phenotypic correlations between the traits recorded during growth are presented in Table 4 . The phenotypic correlation between RFI and FCR was 0.47 ± 0.03. Residual feed intake was not found to be phenotypically correlated with BW7, ADG, or the lipid quantity. The phenotypic correlation between FCR and ADG was strongly negative (-0.78 ± 0.02). The correlation was also negative but weaker between FCR and BW7 or the lipid quantity. Body weight at 7 wk old was strongly correlated with lipid quantity (0.91 ± 0.01). The phenotypic correlations between ADG and BW7 or lipid quantity were strongly positive and of similar magnitude (0.74 ± 0.02 and 0.70 ± 0.02, respectively). In regard to carcass traits, the traits linked to the fat deposition after forcefeeding, such as liver weight and fat deposition, were not significantly correlated with RFI (Table 5) .Similarly, the correlations between RFI and the different cut weights were not different from zero (Table 5) . Table 4 shows the genetic correlations between the traits measured during growth. Residual feed intake was strongly correlated with FCR (0.99 ± 0.18) but not with the other traits. Feed conversion ratio was negatively correlated with ADG (-0.60 ± 0.29) and not significantly correlated with BW7 or the lipid quantity. Average daily gain was strongly correlated with BW7 (0.76 ± 0.19) and lipid quantity (0.60 ± 0.29). 
Responses to Selection
The direct selection response for the selected criterion RFI, as well as the indirect responses for the other traits measured during growth, are presented in Fig. 1 and Table  6 . In G0, the least squares means (LSmeans) for the EBV of the different traits were close to zero. In G2, the contrast between the LSmeans for the EBV for both RFI and FCR differed significantly between the high and the low RFI lines: 5.98 g/d (P < 0.0001) and 0.10 (P < 0.0001), respectively. The LSmeans for BW7 were significantly different between the 2 lines in G1 (contrast of 72.40 g; P < 0.0001), but this difference was no longer observed in G2 (contrast of 1.85 g). The LSmeans for ADG were not found to be significantly different in either generation. The LSmeans for lipid quantity were significantly different between lines for both generations, with a more marked contrast in G1 (19.86 g; P < 0.0001) than in G2 (8.11 g; P < 0.0007).
The phenotypic line differences for the G2 generation for the traits recorded during growth and the carcass traits are presented in Tables 5 and 7, respectively. As expected, the lowRFI line had lower values for RFI, FCR, and EDFI than the highRFI line at the phenotypic level. The other traits recorded during growth did not show line differences. Concerning carcass traits, the lowRFI line had heavier legs (476 vs. 463 g; P < 0.0001) and breast magret muscle (268 vs. 262 g; P < 0.001). No differences were observed for the liver weight or the melting rate between the 2 lines (P > 0.46). This was also the case for slaughter weight, abdominal fat weight, and weight of the magret skin (P > 0.15).
DISCUSSION
Individual FI Measurement and Computation of RFI
Feed efficiency can be assessed using either FCR or RFI (Koch et al., 1963) or via other related traits, such as residual maintenance energy, residual gain, or residual intake and gain, as recently reviewed by Willems et al. (2013a) . The ratio of feed intake to weight gain provides an indication of an animal's ability to convert feed into BW. However, a selection scheme based on a ratio is not ideal because of the disproportionate fashion by which selection pressure is exerted on the component traits (Gunsett, 1984) . Residual feed intake is a linear combination of traits that attempts to provide a measure of feed efficiency independent of feed requirements for production, which can include weight gain, carcass yield or fat deposition, and feed requirements for maintenance. It is usually estimated as the difference between the actual feed intake and feed intake predicted for the animal's BW (to account for maintenance requirements) and production traits (Kennedy et al., 1993) . Individual measurements of feed intake are usually required to calculate individual feed efficiency. With birds, this implies housing the animals in individual pens. Because of the high cost of collecting such data for birds, feed intake is often measured on a limited number of candidates for selection. Moreover, measurements performed in individual pens do not reflect the normal feeding behavior of group-housed animals. By gathering half-sib male mule ducks in a small pen instead of using individual pens, the number of progeny tested per Muscovy sire was increased, and the animals were bred on the floor in conditions close to those of group-housed commercial ducks. All half-sib male mule ducks were measured individually for BW, ADG, and lipid quantity, but they were all assigned the same EDFI value. This led to increased similarity between feed intake records for sibs and increased within-family similarity for RFI. In the RFI regression, the metabolic weight was measured at the end of the test period. Since the correlation between the metabolic BW calculated at the end of the test (BW7 0.75 ) and the average metabolic BW between 4 and 7 wk was 0.95, the use of the metabolic weight measured at the end of the test period instead of the average metabolic BW would not have influenced RFI estimations. Melting rate, % 27 1.0 28 1.0 ns -0.01 ns *P < 0.05; **P < 0.01; ***P < 0.001. 1 Least squares means (LSmeans) were calculated on the phenotypic values corrected for the fixed effects of hatch, position in the building (rank and depth), butcher, and slaughter date. ns = not significant.
2 LSmeans (highRFI) = LSmeans (lowRFI).
Estimation of Variance Components
For all traits except RFI, the dam additive genetic variance was approximately twice the sire additive genetic variance. Mule ducks are hybrids obtained by mating parents not just from different species but from different genera that separated 50 million years ago (Denjean et al., 1997) . Olver et al. (1977) demonstrated that up to 10 wk of age, Pekin ducks are significantly heavier than Muscovy ducks. This suggests that the greater variance of the maternal line could be partly due to scale effects. Moreover, the maternal variance component includes nonadditive effects, such as dominance and common environment, which cannot be described separately out in our data. With regard to the superior growth rate of the hybrids compared to the parental species, Tai and Rouvier (1998) estimated a heterosis effect of about 4% in male hybrid ducks at the beginning of the growth period. In our experimental design, the dam additive genetic variance was therefore probably overestimated. A sire-dam model was used to distinguish between the genetic influences of each parental genus. This model has already been used for ducks (Marie-Etancelin et al., 2010) in a similar experimental design as in our study. The Pekin variance components were estimated as the dam variance components, also resulting in potentially upward biased estimations. We thus focused our analyses and discussion on the heritability of the sire's traits because, first, genetic selection was applied to the Muscovy species and, second, dam and nonadditive components could not be properly disentangled in the experimental design.
Genetic Parameters
The heritability estimate for RFI in Muscovy ducks was greater than the values reported in the literature but was estimated with a large SE, potentially reaching values out of the parameter space. Indeed, in growing animals, heritability estimates for RFI vary from 0.26 to 0.51 in cattle (for a review, see Berry and Crowley, 2013) , from 0.33 to 0.45 in broilers (Aggrey et al., 2010) , from 0.26 to 0.30 in sheep (François et al., 2002; Snowder and Van Vleck, 2003) , from 0.10 to 0.47 in pigs (Clutter, 2011) , and from 0.10 to 0.45 in rabbits (Larzul and De Rochambeau, 2005; Drouilhet et al., 2013) and are 0.29 in trout (Grima et al., 2008) and 0.27 in mice (Hughes and Pitchford, 2004) . Selection on RFI is therefore certainly feasible in ducks, as in others species of birds and mammals. The Muscovy heritabilities for FCR and ADG were moderate. These estimates were in the range of values previously documented for broilers (FCR: 0.41 and 0.49 and ADG: 0.41 and 0.49; Aggrey et al., 2010) . The heritability of BW7 was of the same magnitude as previous estimates .58 *** *P < 0.05; **P < 0.01; ***P < 0.001. 1 RFI: residual feed intake, FCR: feed conversion ratio, BW7: BW at 7 wk old, ns: not significant. Least squares means (LSmeans) were obtained from a linear model applied to estimated breeding value of animals across the selection with the following effects: line, generation, and interaction of line × generation.
2 LSmeans (highRFI) = LSmeans (lowRFI). Lipid quantity, g 371.5 3.9 379.3 3.2 ns *P < 0.05, **P < 0.01, ***P < 0.001. 1 RFI: residual feed intake, EDFI: estimated daily feed intake, FCR: feed conversion ratio, BW4: BW at 4 wk old, BW7: BW at 7 wk old, ns: not significant. Least squares means (LSmeans) were calculated on the phenotypic values corrected for the fixed effects of hatch and position in the building (rank and depth).
for purebred ducks: 0.53 in Pekin ducks (Xu et al., 2011) and 0.40 ± 0.04 in Muscovy ducks (Mignon-Grasteau et al., 1998) . Until now, studies of ducks that investigate RFI have focused on common laying ducks (Basso et al., 2012) , that is, reproductive adult animals. Growing and adult animals differ in terms of requirements and equilibrium between protein synthesis and fat deposition. As a consequence, our study is the first to our knowledge that estimates these genetic parameters for Muscovy ducks during growth, and our results could not be compared to the values previously reported for this production system. Because RFI was computed as a phenotypic linear regression of the EDFI on metabolic BW, ADG, and lipid quantity, it was phenotypically independent of these traits. Genetically, RFI was poorly correlated with the traits used for the prediction of feed intake. This conclusion should be treated with caution because of the large SE of the estimations; however, Kennedy et al. (1993) showed that low to moderate genetic correlations are expected between production traits and RFI when the production traits have moderate correlations with feed intake. In the literature, genetic correlations between RFI and ADG vary from moderate to null. Cai et al. (2008) and Hoque et al. (2009) reported a significantly positive genetic correlation between RFI and ADG in pigs selected for low RFI, which is similar to the results found in broilers aged 28-35 d by Aggrey et al. (2010) . On the other hand, Saintilan et al. (2013) found that genetic correlations between RFI and the traits used to compute the predicted feed intake did not differ significantly from zero in 4 different breeds of pigs.
The goal of a selection scheme based on RFI values could differ in different species with respect to fat deposition. In animals with a low body fat content, the correlated response of selection for RFI on fat deposition is nearly null, and the requirements for fat deposition do not need to appear in the RFI estimation. This is the case for chickens, turkeys, and rabbits, for which the proportion of feed ingested dedicated to fat deposition cannot be properly estimated because of the animals' low body fat content, its reduced variability, and the lack of precise measurements in vivo (Tixier-Boichard et al., 1995; Aggrey et al., 2010; Case et al., 2012; Rekaya et al., 2012; Drouilhet et al., 2013; Willems et al., 2013b) . In animals with a potentially high or variable body fat content, 2 types of studies have been reported. The first type of study aims to improve the animals' feed efficiency without changing their body composition, and as a consequence, the body fat content is taken into account in the estimation of RFI. Several studies on pigs chose this strategy with a RFI regression estimation based on ADG, metabolic weight, and back fat thickness (Labroue et al., 1999; Nguyen et al., 2005) . The second type of study focuses on the effects of selection on RFI on fat deposition and does not take into account the body fat content in the regression equation used to estimate RFI, as done by Richardson and Herd (2004) for cattle. In our study, RFI was highly correlated with FCR, as reported in previous studies (0.93 ± 0.02 in cows [Arthur et al., 2001] , 0.63 in sheep [François et al., 2002] , 0.96 ± 0.03 in rabbits [Drouilhet et al., 2013] , 0.84 in broilers [Aggrey et al., 2010] , and 0.80 ± 0.01 in pigs [Saintilan et al., 2013] ). Nevertheless, other authors have reported weaker correlations in pigs (0.41 ± 0.10 [Labroue et al., 1999] and 0.29 ± 0.18 [Nguyen et al., 2005] ) and in cows (0.37 ± 0.25 [Bouquet et al., 2010] and 0.48 ± 0.10 [Crowley et al., 2010] ). If RFI and FCR are highly genetically correlated, the 2 traits could be considered to be similar. However, selection on 1 of those 2 traits could lead to different correlated responses if they are not similarly correlated to other traits of interest. For example, in our study, even if RFI and FCR were strongly correlated, their genetic correlations with ADG were quite different (not different from zero for RFI and moderate for FCR).
Responses to Selection
The traits recorded during growth and the carcass traits of mule ducks from the G2 generation were compared between lines to evaluate the correlated responses to selection on these major traits. As expected, the low-RFI line had lower RFI, EDFI, and FCR values than the highRFI line, and ADG and lipid quantity were not significantly different between the 2 lines. Larzul et al. (2004) showed that a divergent selection on FCR in the dam line (common duck) can modify FCR in mule duck progeny: a difference of 2.1 kg feed/kg BW for FCR in Pekin dams, measured between 4 and 7 wk old, induced a difference of 0.7 kg feed/kg BW for FCR in female mule progeny. In our case, 2 generations of selection generated a difference of 0.08 kg feed/kg BW for FCR in the mule ducks of both lines. The FCR of Muscovy sires during growth was not available for comparison purposes.
Concerning carcass traits, the whole carcass weight and the lipid quantity remained unchanged between lines. Similarly, the liver weight and the melting rate were not affected by selection. Even if the lowRFI ducks ate less during growth, the reduced intake did not influence their later force-feeding capacity or their ability to produce fatty liver. Until now, the links between feed intake during growth and force-feeding capacity have remained unexplored. However, despite the absence of any significant phenotypic correlations, the lowRFI line had heavier legs and breast magret muscles. Selection for a low RFI would therefore lead to an increase in the weight of these cuts without changing the whole carcass weight. This correlated differential response depending on the cuts, even though there was no effect on general body composition, was also evidenced in pigs . Larzul et al. (2004) also showed a significant difference of 36 g between the female mule duck leg weights of the divergent Pekin dam lines selected on the basis of their FCR (P < 0.0001). When this divergent selection is applied to RFI in pigs, an alteration of muscle and liver energy metabolism, with a higher glycogen content and reduced fatty acid oxidation pathway, have been associated with low RFI (Lefaucheur et al., 2011; Le Naou et al., 2012; Faure et al., 2013) . Even if the liver quality was not altered in our study, it would be interesting to characterize more precisely the fatty liver composition of the 2 divergent lines to ensure that the fatty acid oxidation was not modified.
Conclusions
To our knowledge, this is the first study to investigate the genetics of growth and feed efficiency in Muscovy ducks on the basis of the performance of their mule progeny. The heritability of RFI was high, and after 2 generations of selection, significant differences were observed in terms of RFI and FCR between the 2 lines. Selection on RFI allowed for improvement in the feed efficiency of animals without impairing their capacity to produce fatty liver. Although the genetic correlation between RFI and FCR was strong, their genetic correlations with ADG were not similar, suggesting that selection of each trait would lead to different correlated responses. The use of individual records for feed intake and the behavior of ducks bred in flocks (using an automatic feeder recording each visit) would be of great interest to obtain more accurate data and, as a consequence, more precise estimations of genetic parameters.
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